Stem and electrode electric impedance at 14 frequencies were monitored during cold acclimation ofalfalfa (Medicago sativa L.) and birdsfoot trefoil (Lotus corniculatus L. Both frost hardiness and electrical impedance increase with cold acclimation and decrease with deacclimation. Wilner (13) reported that electrical resistance of apple shoots was high in January and then decreased from February to June. Glerum (1) reported that the electrical impedance at 1.0 kHz of seven species of trees increased during the fall as cold hardiness increased and decreased during the spring as cold hardiness decreased. Using a frequency of 100 Hz, Greer (3) confirmed that tissue impedance predicts cold hardiness of Pinus radiata during the hardening process, but found that it does not predict cold hardiness during dehardening owing to a hysteresis effect. Walton (10) observed that leaf electrical impedance at 60 Hz of three grass species increased during cold acclimation in the fall.
Both frost hardiness and electrical impedance increase with cold acclimation and decrease with deacclimation. Wilner (13) reported that electrical resistance of apple shoots was high in January and then decreased from February to June. Glerum (1) reported that the electrical impedance at 1.0 kHz of seven species of trees increased during the fall as cold hardiness increased and decreased during the spring as cold hardiness decreased. Using a frequency of 100 Hz, Greer (3) confirmed that tissue impedance predicts cold hardiness of Pinus radiata during the hardening process, but found that it does not predict cold hardiness during dehardening owing to a hysteresis effect. Walton (10) observed that leaf electrical impedance at 60 Hz of three grass species increased during cold acclimation in the fall.
Results from experiments comparing different genotypes having different hardiness levels have been inconsistent. Weaver et al. (12) found that impedance (corrected for stem diameter) at 1.0 kHz of 43 peach cultivars was correlated with frost hardiness at periods of maximum flower-bud hardiness during the period of August to March. Wilner (13) was able to separate three apple varieties differing in frost hardiness using electrical resistance measurements; however, the relationship between electrical resistance and frost hardiness was less apparent when shoots began to grow in the spring. Svejda (9) , on the other hand, did not find a relationship between plant electrical impedance at 5.0 kHz measured between August 11 and October 20 and winter survival of Rosa rugosa and Rosa chinensis cultivars.
The first objective of this experiment was to determine the effect of cold acclimation on electric impedance of birdsfoot trefoil (Lotus corniculatus L. cv Leo) and alfalfa (Medicago sativa L. cv Beaver) stems using a new procedure for measuring electrical impedance (8 Relationship between specific resistance at 1.11 MHz and stem water content. Each value is for 1 stem. The linear equations were derived using least squares regression analysis and the correlation coefficients were significant at P c 0.05(*) or P < 0.01(**). between the electrodes was determined by linear regression. The slopes of the regression lines are estimates for the plant tissue and the intercepts are estimates for the electrode resistances and reactances (8) . The above estimates of resistance and reactance were multiplied by stem cross-sectional area to yield specific resistance and specific reactance to account for variation in stem size. The effect of cold acclimation, time, and frequency on the value ofresistance, reactance or time constant (8) was determined by analysis of variance using logarithmic transformed data and a three factor (species, time, growth temperature) completely random design with measurements repeated in time. There were three plants per treatment.
RESULTS
Cold acclimation changed the frequency response of stem resistance (P < 0.01). At high frequencies there was a larger difference between ACCL and NA stems that at low frequencies ( Fig. 1) . At 49 Hz ACCL and NA stem resistances were not significantly different, although resistance ofACCL stems tended to be higher than resistance of NA stems (Fig. 2) . At the high frequency, 1.1 1 MHz, the resistance of ACCL stems was larger than the resistance of NA stems (P c 0.01). The resistance at 1.1 1 MHz ofNA alfalfa stems was higher than that for NA trefoil stems; however, the maximum resistance at 1.1 1 MHz attained during cold acclimation was similar for both types of stems (Fig.  2) . The maximum increase in resistance at 1.11 MHz during cold acclimation was reached in 35 d. The high frequency (1.11 MHz) resistance of living stems was similar to the average resistance at all frequencies of dead stems (Fig. 3) .
During cold acclimation the tissue water content decreased. The correlation between water content and resistance at 49 Hz was not significant for NA or ACCL stems alone (Fig. 4) . However if the correlation was calculated using both sets of data together, it was significant (resistance = 23.0 -2.27 water content; r = 0.439 **). The resistance at 1.1 1 MHz was significantly correlated to stem water content for both types of stems, but ACCL stems showed a stronger dependence on water content than NA stems (Fig. 5) . The water content dependence of the 1.11 MHz resistance of both types of stems can be described using a quadratic function (Fig. 6) .
A ratio of low frequency (49 Hz) resistance to high frequency (1.11 MHz) resistance had values between 7 and 17 for living stems and values near 1 for dead stems (Fig. 7) . For living stems the ratio depended on growth time and temperature. At a nonacclimating temperature, the ratio decreased significantly with time for alfalfa stems but not for birdsfoot trefoil stems. Under cold acclimating conditions, the ratio decreased for both species. Cold acclimated stems had a lower resistance ratio than nonacclimated stems.
Stem reactance changed with frequency (P c 0.01); it showed a maximum magnitude at about 1.0 kHz (Fig. 8) . At lower frequencies cold acclimated and nonacclimated stems had a similar reactance, but at higher frequencies cold acclimated stems had a larger magnitude of reactance. The relationship between reactance and frequency changed with time (P c 0.01). The magnitude of the low frequency reactance decreased with time, and the magnitude of the high frequency reactance increased with time (Fig. 2) .
The electrode resistance decreased with increasing frequency (P _ 0.01, Fig. 9 ). Cold acclimation did not affect the electrode resistance for alfalfa but it did increase the resistance at lower frequencies for birdsfoot trefoil. The electrode resistance was larger for alfalfa stems than for birdsfoot trefoil stems (P c0.05).
Electrode reactance decreased in magnitude with increasing frequency (P c 0.01, Fig. 10 ). Thus, electrode reactance has a different frequency dependence than living stem reactance, which showed a frequency optimum (Fig. 8) . Cold acclimation increased the magnitude of the electrode reactance (P < 0.05, Fig. 10 ).
The time constant was not significantly affected by either growth temperature or growth time (Fig. 11) . However, the time constant did decrease with increasing frequency (P _0.01).
DISCUSSION
Cold acclimation significantly increased the high frequency resistance but did not significantly influence the low frequency resistance (Fig. 2) . These results differ from those of previous reports where low frequency impedance increased with cold acclimation (3, 10) . It is believed that low frequency resistance ELECTRICAL IMPEDANCE AND COLD ACCLIMATION characterizes the extracellular region and that high frequency resistance characterizes the intracellular region (8) . An increase in impedance of the intracellular solution would be predicted from the known increase of sugars (4) and augmentation of cellular membranes and constituents (5) provided that electrolyte concentration remained the same. That is, the sugars would increase viscosity and the augmentation would increase diffusion barriers thereby increasing electrical resistance. However, it is not known ifsuch constituents would increase in the extracellular solution during cold acclimation. The extracellular solution is typically very dilute (2). It is not known if the lack of an effect of cold acclimation on low frequency resistance in this study, compared to other studies, is caused by the use of different plant species or if it is due to the fact that electrode impedance and stem reactance were accounted for in this study.
Cold acclimation decreased the low-high frequency resistance ratio (Fig. 7) ; this resistance ratio decrease reflects the high frequency resistance increase during cold acclimation. Use ofthe resistance ratio is advantageous as stem cross-sectional area does not have to be considered since the area is cancelled on division.
Although there is often a correlation within a species between frost hardiness and constituents, such as sugars or proline (4) Stem electrical resistance can be described simply in terms of stem water content, assuming a quadratic relationship (Fig. 6) . A plot of relative viscosity of sucrose versus g H20/g dry weight ( 11) reveals that viscosity follows a curve rather than a straight line (data not shown). At very low viscosity, the relationship between sucrose viscosity and water content is approximately linear as seen in this study for the low frequency resistance data (Fig. 4) .
Electrode impedance did not remain constant during cold acclimation (Figs. 9 and 10 ). Thus, it is necessary to account for electrode impedance when studying the effect of cold acclimation. At 1.0 kHz stem reactance was approximately 85% of stem resistance; thus, the reactive component of impedance cannot be ignored when studying plant tissue impedance.
In conclusion, cold acclimation increased the high frequency impedance but not the low frequency impedance. This high frequency impedance change likely indicates a viscosity increase owing to augmentation of intracellular solutes and subcellular structures. Even though the impedance of the extracellular solution (low frequency impedance) did not change significantly during cold acclimation, it is known that cold acclimation increases the extracellular impedance during extracellular freezing (7) . Thus, cold acclimation changes the electrical properties of plant tissue and it remains to be determined if these changes influence frost survival of plants.
